In the wet season, a large portion of the Amazon region constitutes one of the most pristine continental areas, with very low concentrations of atmospheric trace gases and aerosol particles. However, land use change modifies the biosphere-atmosphere interactions in such a way that key processes that maintain the functioning of Amazonia are substantially altered. This study presents a comparison between aerosol properties observed at a preserved forest site in Central Amazonia (TT34 North of Manaus) and at a heavily biomass burning impacted site in south-western Amazonia (PVH, close to Porto Velho). Amazonian aerosols were characterized in detail, including aerosol size distributions, aerosol light absorption and scattering, optical depth and aerosol inorganic and organic composition, among other properties. The central Amazonia site (TT34) showed low aerosol concentrations (PM 2.5 of 1.3 AE 0.7 mg m À3 and 3.4 AE 2.0 mg m À3 in the wet and dry seasons, respectively), with a median particle number concentration of 220 cm À3 in the wet season and 2200 cm À3 in the dry season.
Introduction
Amazonia is an excellent laboratory to study atmospheric processes that are characteristic of natural conditions, as they existed prior to the impact of industrialization on the regional and global atmosphere. 1 The strong coupling between the atmosphere and the forest can be seen as characteristic of conditions before large-scale deforestation changed land use in Europe, North America, and other regions. Furthermore, the region sustained a strong hydrological cycle that is maintained by large water vapour emissions from the forest as well as cloud condensation nuclei (CCN) produced from forest emissions, 2,3 and one important location of deep tropical convection. However, the vast forest-river system of Amazonia is changing due to expansion and intensication of agriculture, logging, and urban footprints. 4 Indications that the hydrological cycle in Amazonia is being intensied in the last two decades add a key issue in the changes in Amazonia. 5 Recently two strong droughts in 2005 and 2010 have received attention, 6, 7 as potential indicators of increase in climate extremes in Amazonia that feeds back into the forest carbon processing. 8 The Brazilian Amazon extends over about 5.5 million km 2 , corresponding to 61% of the area of the country of Brazil. Deforestation has changed about 18% of the original forest area, mostly in southern and western Amazonia. 9 The forests and soils of the Amazon basin also store a large amount of organic carbon (around 200 Pg C), which may potentially be released to the atmosphere through forest to pasture conversion or logging or because of biome changes. 10 The river system is responsible for about 20% of the world's freshwater discharge, and this forest-river system is vulnerable to climate change. 11 In addition, responses and feedbacks of this biome to changes in climate and land-use could affect regional and global climate. 12, 13 Human activities in Amazonia over the last 50 years have had a signicant impact on a considerable part of the region, especially along the southern perimeter. 14 Fig. 1 is an impressive achievement, but there are questions if these relatively recent low deforestation rates can be maintained over the next decades, 12 because of socio-economic pressures as well as a result of a changing global climate. 13, 15 The dominant factors of public policies, climate, economic issues, and so forth that successfully contributed to the reduction of deforestation rates in recent years have not been fully dissected. There is also increased uncertainty over the sensitivity of carbon storage in the tropics to climate warming, increasing atmospheric CO 2 concentrations, and tropical temperature anomalies. 16 The large carbon stock of Amazonia is sensitive to processes that alter precipitation and radiation. The two large droughts of 2005 and 2010 6,7 released large amounts of carbon to the atmosphere, indicating a high sensitivity of this system to altered conditions. High concentrations of aerosol particles in the atmosphere due to biomass burning decrease the amount of photosynthetically radiation to varying canopy levels, affecting sensible and latent heat uxes at the surface. 17 The changes in radiation ux due to aerosol and clouds and in the ratio of diffuse to direct radiation have a large impact on Net Ecosystem Exchange (NEE), with an enhancement in carbon uptake of 18-29% 18 for AOD (Aerosol Optical Depth) changes from 0.1 to 1. At the Tapajos National Forest (FLONA-Tapajos, Santarem-PA), an increase in carbon uptake was mostly attributed to the increased diffuse radiation in the sub-canopy layer. 19 On the other hand, for very large aerosol loadings (AOD > 2 at 550 nm), NEE decreases signicantly, indicating the large impact of aerosols on ecosystem functioning. 18 Studies of effects of aerosol particles on changes in cloud properties and precipitation were the focus of several previous studies in Amazonia. [20] [21] [22] [23] [24] [25] The Large-scale Biosphere-Atmosphere Experiment in Amazonia (LBA) is a long term multinational, interdisciplinary research program, led by Brazil through its Ministry of Science and Technology and operated by INPA (The Brazilian National Institute for Amazonian Research. 8 The focus of LBA is to understand how Amazonia functions as a regional entity in the Earth system and how on-going changes in land use and climate are affecting the Amazonian ecosystem. 11 LBA seeks to supply a scientic basis for addressing the sustainability of development in the region through an interdisciplinary scientic agenda, which spans the elds of physical climate, hydrology, biogeochemistry, ecology, economics, and human dimensions of land-use change. The integrated understanding of these complex issues requires understanding its underlying spatial and temporal heterogeneity, as related to climate, rivers, soils, vegetation, and land-use drivers across the Basin. The Amazon forest is heterogeneous and complex, and it is essential to have a comprehensive scientic understanding of the feedbacks among climate, atmospheric composition, land-use, re, and the socio-economic drivers. 12 Atmospheric studies over the Amazonian Basin started in the 1980's with the Brushre experiment, 26 and the ABLE-2A (Amazon Boundary Layer Experiment 2A) and 2B campaigns, [27] [28] [29] followed by several integrated experiments, such as LBA-EUSTACH, 30 LBA-CLAIRE, 31 AMAZE-08, 32 and others. In general, these studies addressed one or both topics: (1) biomass burning emissions and effects and (2) emissions and reactivity of natural trace gases and biogenic particles.
In the Amazon, res are almost exclusively caused by humans, and occurrences of natural res are rare events because of the high precipitation rates even in the dry season. 33, 34 Fires have been routinely used as a clearing tool during the dry season, in preparation for agricultural elds aer a forested patch has been slashed down, or conversion from crops to pasture for cattle grazing. As the amount of precipitation is high, making it difficult to burn the forest, farmers cut down the forest in the end of the wet season (May-June) and let the wood and slash dry until September in order to clear the land for agricultural or pasture use. Every year from September to November, large amounts of smoke can be easily observed using remote sensing observations, 35 mainly in the region called the "arc of deforestation" in the southern part of Amazonia, a region where the tropical rainforest is close to more densely populated areas. 36 The smoke plume extends over millions of km 2 , ultimately covering large areas of South America, with signicant impacts extending far from the Amazonian region. [37] [38] [39] In particular, the effects of biomass-burning aerosol particles on human health, such as increased incidences of morbidity, mortality, and asthma, are signicant in the region of the so-called deforestation arc. 40 Many studies in the last few years have analysed the role of aerosol particles in cloud development and suppression in Amazonia, 21, 22, 41 showing that as pristine conditions have quite low CCN concentrations and high water vapour, any increase in CCN numbers can signicantly affect cloud development and invigoration. 42 Aerosol mass spectrometry is a powerful tool for characterizing aerosols and their atmospheric processing. In AMAZE-08 (Amazonian Aerosol Characterization Experiment-2008), an Aerodyne high-resolution time-of-ight aerosol mass spectrometer (HR-ToF-AMS) was used for the rst time in South America; it was applied to the characterization of Amazonian organic aerosols at a time resolution of better than 5 min. 24, 32, 43 Prior to the AMAZE-08 campaign, the contribution of primary biogenic aerosols to the accumulation mode was less well characterized than that to the coarse mode. 44, 45 Given that Amazonian aerosols have primary and secondary contributions, marker signals were sought in the collected AMS data. The results showed that primary aerosols in Amazonia consist of carbohydrates, waxes, etc. from biogenic debris, whereas secondary aerosols are oxidation products of isoprene, terpenes, and other VOCs. Furthermore, the mass spectral data were also able to identify time periods inuenced by African aerosol advection. 46, 47 During clean periods, the mass spectra showed the submicron aerosol composition to be dominated by 90% organic matter and 10% sulphate, at average mass concentrations of 0.6 mg m À3 . The oxygen-to-carbon (O : C) ratio was 0.42. When inuenced by African emissions, the average composition changed to 75% organic and 25% sulphate, with mass concentration of 0.9 mg m À3 and O : C of 0.49. The study concluded that submicron aerosol in the wet season of Amazonia was largely dominated by secondary organic aerosol related to gaseous BVOC emissions from the forest ora. Furthermore, Pöhlker et al., 48 added the nding that potassium is present in more than 90% of particles larger than 20 nm, again showing the importance of biogenic forest emissions on SOA formation in the Amazonian atmosphere, and the strong coupling between the biology of the forest and atmospheric composition. 24 In pristine regions of Amazonia, the biology of the forest has close links with atmospheric aerosol and trace gases. 24, 32, 44, 48, 49 Ground based microorganisms could play a role in cloud process in Amazonia, 50 since strong convection can transport biogenic particles to the altitudes of cloud formation. Fungi and other primary biological particles also play a role in aerosol organic components in Amazonia. 45 Biomass burning and land use change interfere with the natural cycles and feedbacks. To better understand the effects of these changes, it is important to physically and chemically characterize the aerosol population in Amazonia, aiming to identify trends over time and landscape. Forest VOCs emissions 51-53 through atmospheric photo-oxidation chemistry produce most of the secondary organic aerosol (SOA) in the ne mode over Amazonia. [54] [55] [56] Primary biogenic aerosols dominate the coarse mode particles showing the very close relationship between emissions from the vegetation and aerosol concentrations and composition in Amazonia. 49, [57] [58] [59] This paper presents a perspective and analysis of the effects of land use change on atmospheric properties in Amazonia on a long-term basis. Sampling of trace gases and aerosols was performed for 3 years continuously in two locations: a preserved forest site in central Amazonia (TT34) and a biomass burning impacted site in Southwestern Amazonia (PVH), where land use change has been a strong process since the 1980s. Trace gases and aerosol properties were analysed at these two sites from 2008 to 2012. Large inter annual variability in climatic conditions in Amazonia makes long term studies necessary. Also, the effects of changing aerosol loading in the atmosphere were analysed in two aspects: changes in radiative forcing as well as changes in carbon uptake due to increases in diffuse radiation associated with increased aerosol loading.
Experimental

Sampling sites
Amazonia is a continental scale region, with most of the land use change occurring in the southern part of the Basin (Fig. 2) . The in situ trace gas and aerosol measurements reported here were taken at two sites: one at a preserved forest area in central Amazonia (named TT34 site hereaer), and the other at a biomass burning impacted area in south western Amazonia (named PVH hereaer).
The rst site (TT34) is representative of near-pristine conditions during the wet season. In this area, from the point of view of aerosol properties, the wet season corresponds to the period Jan-Jun, whereas the dry season corresponds to Jul-Dec. 60 This forest site is located 60 km northwest to Manaus urban area, a fast developing city with a population of about 2 million people. Observations were taken at the TT34 tower located at the ZF2 Ecological Station (2.59 S, 60.21 W, 110 m asl), where aerosols and trace gases were measured almost continuously from February 2008 to June 2011. This site is within the INPA (Brazilian National Institute for Amazonian Research) Cuieiras forest reserve. No biomass burning occurs in the reservation or close to the site. Most of the time, the prevailing trade winds blow over vast expanses of intact tropical forest before reaching the measurement tower. However, as will be further discussed, the site was affected by regional transport of pollutants, most of it from long-range transported biomass burning emissions. All measurements were taken under dry conditions (RH 30-40%) by use of an automatic diffusion dryer in the sampling line. 61 An inlet with 50% aerodynamic cut-off of 7 mm was used for sampling. Inlet lines ran from the measurement level (39 m agl, about 10 m above the canopy height) to an air-conditioned container at ground level. Housing for the researchers and a diesel generator that provided the power supply were located respectively 0.33 km and 0.72 km to the west of the sampling site (downwind). A detailed description of the ZF2 TT34 tower measurement site and surrounding area can be found in Martin et al. 32 The second site (PVH) is located near Porto Velho city, the capital of the state of Rondônia. The sampling site was located in an area of mixed forest and open vegetation in an ecological reservation about 5 km NE (upwind) from the city (8.69 S, 63.87 W). The whole region of Rondônia has been under the effect of land use change since the 1980s. Most of the measurements were taken under relatively dry conditions (RH < 50%) by use of diffusion dryers. An inlet having a 50% aerodynamic cut-off of 10 mm was used for sampling. Inlet lines ran from the measurement level (5 m agl) to an air-conditioned house. This site represents large land use changes and associated regional biomass burning as characteristic of Amazonia in contact with human interferences. At the PVH site, the dry season is from June to December, and the wet season from January to May.
Adding to the ground based in situ measurements, remote sense data from the NASA/AERONET sunphotometers network and from the MODIS satellite sensor were also analysed. Reported AOD observations from AERONET are level 2.0, and data were taken from two sites in southern Amazonia (same region as the PVH site): Abracos Hill (10S; 62W) and Ji-Parana-SE (10S; 61W), and from two sites in central Amazonia (same forest reservation as the TT34 site): Balbina (1S; 59W), and Manaus-EMBRAPA (2S; 59W). AOD observations from MODIS were integrated for an area with 40 km radius around the AERONET measurement sites. MODIS and AERONET data between 1999 and 2012 are analysed in this paper.
Instrumentation
Measurements of aerosol particle number size distribution, number concentration, mass and elemental composition were made. Two ne mode mobility particle size spectrometers (10-500 nm) were used interchangeably: a TSI-3080 SMPS (Scanning Mobility Particle Sizer) and a custom-made SMPS designed at Lund University according to EUSAAR (European Supersites for Atmospheric Aerosol Research) standards. 62 Particle number concentrations were measured using condensation particle counters (TSI CPC models 3010, 3785, 3772). Stacked Filter Units (SFU) tted with PM 10 inlets were used to collect ne mode (D p < 2.0 mm) and coarse mode (2.0 < D p < 10.0 mm) aerosols, with integrating periods ranging from 2 to 5 days depending on the aerosol loading. Fine and coarse mode Nuclepore lters were analysed for particulate mass, following the measurement protocol of the US Environmental Protection Agency for weighing lters, in a controlled atmosphere at 35% RH and 20 C. Equivalent black carbon concentration (BC e ) was measured in the ne and coarse mode from Nuclepore lters, using an optical reectance method calibrated with Monarch black carbon standards. About 25 trace elements were measured using X-ray uorescence analysis with a Pan Analytical Epsilon 5 X-ray spectrometer. Precision for elemental composition was 10% for most of the measured elements, increasing to 20% for elements close to the detection limits. Ozone mixing ratios were measured with Thermo Environment 49i ozone monitors, while CO was measured with a Picarro analyser model G2301. The zero point of the instruments was checked on a weekly basis.
An Aerodyne Research Aerosol Chemical Speciation Monitor (ACSM) 63 was deployed at the TT34 (central Amazonia) and PVH (Porto Velho) sites. The ACSM is a compact version of the Aerodyne's Aerosol Mass Spectrometer, 64 designed to characterize and monitor, under routine stable operation, the mass and chemical composition of non-refractory submicron particulate matter. Under ambient conditions, mass concentrations of particulate organics, sulphate, nitrate, ammonium, and chloride were obtained with a detection limit < 0.2 mg m À3 for 30 min of signal averaging. Due to the high concentration of organics relative to sulphate, nitrate, chloride and ammonium, especially when sampling strongly biomass burning impacted air masses, corrections to the instrument chemical assignment were performed. 65, 66 Aerosol particle scattering coefficients were measured using three-wavelength integrating nephelometers (TSI-3563 and Ecotech Aurora 3000). 67 The instruments were calibrated periodically using ltered air and CO 2 . Data were corrected Table 1 Average aerosol elemental concentrations (2008-2012) at the TT34 forest site for dry and wet seasons. The table includes averages for particulate matter (PM), equivalent black carbon (BC e ) and trace elements. The concentrations are ng m À3 . The uncertainty is the standard deviation and N is the number of samples that the element was measured above detection limits. Fine mode refers to aerosol aerodynamic diameters up to 2.0 mm and coarse mode from 2.0 mm to 10 mm
Dry Season
Wet Season for truncation errors. 68 Aerosol particle absorption was measured using MAAP absorption photometers (MultiAngle Absorption Photometry -Thermo Inc., Model 5012). 69 The MAAP reports equivalent black carbon (BC e ) concentrations at 637 nm, which were converted to absorption coefficients assuming a mass absorption coefficient of 6.6 m 2 g À1 . A 5% correction was applied to the data to account for an adjustment of wavelength. Pressure and temperature measured inside the nephelometer were used for adjusting scattering and absorption coefficients to 1013 mbar and 0 C. 
Aerosol mass, black carbon and elemental composition in Amazonia
Long-term ne and coarse mode aerosol collection with lters allows obtaining mass concentration, black carbon and trace elements, indicating aerosol sources and processes. Fig. 3 shows the time series of ne and coarse mode aerosol mass concentrations at the TT34 forest site from 2008 to 2012. The ne mode concentration in the wet season is quite low (1.3 AE 0.7 mg m À3 ), and even dry season values with an average of 3.4 AE 2.0 mg m À3 are a low concentration for PM 2.5 . The mass concentration of coarse mode aerosols, essentially containing biogenic and soil dust aerosols, do not have a strong seasonal dependence, with an average mass concentration of 4.8 AE 2.3 mg m À3 . These values are in agreement with previous observations in a location close to TT34 (Balbina, ZF2), between 1998 and 2005. 44 No trends in aerosol mass concentrations can be observed in the preserved central Amazonia. The concentrations of equivalent black carbon at the TT34 site have a pronounced seasonal behaviour ( Fig. 4) , with increased concentrations from August to December due to long-range transport of biomass burning aerosol. There is also a small absorption component in the coarse mode aerosol (average 45 AE 21 ng m À3 ) due to the absorption characteristics of natural biogenic aerosol particles. The average equivalent BC e fraction in ne mode aerosol is about 7% in central Amazonia, constant for the dry and wet seasons. Table 1 summarizes the average values for aerosol mass and BC e concentrations for ne and coarse mode aerosols for the TT34 central Amazonia site. Fig. 5 shows the time series of ne and coarse mode aerosol mass concentrations at the PVH site from 2009 to 2012. In 2010, a strong drought in Amazonia signicantly increased the smoke emissions from biomass burning (Fig. 5 ). 70 The increase in BC e concentrations in 2010 was likewise signicant, as can be seen in Fig. 6 , showing the time series of BC e concentrations at the PVH site from 2009 to 2012. BC e concentrations as high as 22 mg m À3 were observed in the ne mode. This plot shows the effects of strong droughts in changing atmospheric properties in Amazonia. The years of 2009, 2011, and 2012, with usual amounts of precipitation in the region, had BC e ne mode concentrations of 2-4 mg m À3 . As a matter of comparison, Artaxo et al. 39 reported an average ne BCe concentration of 1.8 mg m À3 at a nearby site (Jaru ecological reserve, in the Rondônia state) in the dry season of 1999. Table 2 shows the average ne and coarse mode mass and BC e concentrations at the PVH site. Compared to the TT34 site, we observe that the average ne mode concentration increases by a factor of 10 in the dry season and by a factor of 3 in the wet season, indicating that even in the absence of large scale biomass burning, land use change increases ne mode aerosol concentrations at the impacted southern Amazonia site.
Sources and atmospheric processes inuence the aerosol elemental composition. Therefore, it is expected to observe signicant differences in aerosol composition depending on land use change and season. In Amazonia, the inorganic component typically constitutes 10-20% of the ne mode mass, and about 10% of the coarse fraction mass (e.g., Martin et al. 44 ). Tables 1 and 2 show the average aerosol elemental concentrations, respectively, for TT34 and PVH sites, for dry and wet seasons. In the wet season at the TT34 forest site, ne mode sulphur concentrations averaged at a low 74 AE 45 ng m À3 , increasing by a factor of 2 in the dry season (Table 1) . At the PVH site in the dry season, ne mode sulphur is 8 times higher in comparison to the TT34 site ( Table 2 ). Fine mode sulphur levels observed at the PVH site in the dry season agree with previously reported values for the dry season of 1999 at a nearby site in the state of Rondônia (529 ng m À3 , ref. 39 ). Increased sulphur loading in the dry season is associated with biomass burning emissions. Among inorganic ions, sulphate is the most prominent compound in biomass burning aerosols in Amazonia, according to Yamasoe et al. 71 Nevertheless, average PVH sulphate contribution to ne mode mass is greater in the wet season (11.5%) in comparison to the dry season (5.2%). This is associated with the fact that ne biomass burning aerosols show a signicantly enhanced organic content, as will be discussed on Section 5.
Concentrations of elements associated with industrial and fossil fuel emissions (Cr, V, Mn, Ni, Pb, and others) were typically very low at <1 ng m À3 at the TT34 site. At the PVH impacted site, these elements are a bit more abundant, particularly in the dry season. Soil dust associated elements, such as Al, Si, Ti, Fe, had relatively low concentrations at the TT34 forest site (<300 ng m À3 ). This can be explained by the fact that forest soil is covered with a thick layer of plant debris that suppresses local soil dust emission. 38, 39 The TT34 site receives episodic Sahara dust events during January-May that signicantly enhances ground based soil dust elements. 46, 47 At the PVH site in the dry season, soil dust elements in the ne mode are about 8 times higher in comparison to the TT34 site. A combination of surrounding pasture landscapes, dryer climate and enhanced convection during the biomass burning season explains the increased mineral dust concentrations observed at the impacted PVH site. In the coarse mode, biological trace elements K, P and Zn 49, 72 were detected in signicant concentrations at both sites. No signicant seasonal variation was observed in the concentration of inorganic biogenic tracers, suggesting a rather constant biogenic aerosol contribution along the year. The concentration of biogenic tracers in the coarse mode are increased by a factor of 2 at PVH in comparison to TT34, but the proportion of these elements to the coarse mode mass is similar at both sites.
As expected, differences between the two sites regarding aerosol mass and composition is most signicant during the dry season, since the PVH site receives greater inuence from biomass burning emissions. In the wet season, differences in aerosol properties between the sites are smaller. Even though, aerosol total mass and most element concentrations are increased by a factor of about 2 at PVH in comparison to TT34 during the wet season, indicating the presence of a regional pollution background in southern Amazonia, even in the absence of biomass burning res.
Aerosol number concentrations and submicrometer size distributions
Aerosols occur in the atmosphere with diameters ranging through several orders of magnitude: from nanometres to tenths of micrometres. Characterization of aerosol size distributions is important because the particle size inuence aerosol light scattering and absorption as well as cloud droplet activation and impacts on human health. In Fig. 7 , we present medians of submicrometer aerosol number size distributions measured at PVH and TT34 sites in 2012 and 2008, respectively, for the dry and wet seasons. The integral of the number size distribution curve provides the aerosol number concentration, which increased by a factor of four at both sites from the wet to the dry season. At the TT34 preserved forest site, the median number concentration was 220 cm À3 , almost a factor of three lower than the wet season at the PVH site (680 cm À3 ). This difference can be explained by the increased regional aerosol loading in southern Amazonia, in agreement with the aerosol scattering (cf. Section 6) and mass (cf. Section 3). In the dry season, aerosol number concentrations reached up to 20 000 cm À3 at PVH, compared to 2200 cm À3 at TT34. Fig. 9 Submicron non-refractory aerosol composition at the PVH site. The studied period of time comprises the end of the dry season, here chosen at 25th September and indicated using a dashed line. The parameter f 60 is a surrogate for the contribution of biomass burning on OA (see text for details). The aerosol composition shows a significant enhancement of organics relative to other species due to biomass burning. Average concentration of monitored species prior 25th September 2012 is 13.9 mg m À3 , 0.46 mg m À3 , 0.37 mg m À3 , 0.22 mg m À3 and 0.01 mg m À3 for Org, NH4, SO4, NO3, and Chl, respectively. The non-refractory PM1 aerosol concentration after 25th September yields 4.0 mg m À3 , 0.29 mg m À3 , 0.27 mg m À3 , 0.08 mg m À3 and 0.005 mg m À3 for Org, NH4, SO4, NO3, and Chl, respectively.
In the dry season, the aerosol number size distribution was dominated by the accumulation mode at both sites, corresponding to aged biomass burning aerosols and having mean geometric diameters of 90 nm at PVH and 130 nm at TT34. In the wet season, the accumulation mode and Aitken mode were oen separated, showing the so-called Hoppel minimum, separating particles that have been subjected to in-cloud processing from those that have not. 32, 44 New particle formation and subsequent growth of ultrane particles were rarely observed. Nevertheless, bursts of ultrane particles with diameters in the range 10-40 nm were frequently observed at the TT34 site during the wet season, associated with low aerosol absorption coefficients (<4 Mm À1 ), lower temperatures (<30 C), and relative humidity above 70%. This result suggests that processes of new particle formation in Amazonia differ from those in coniferous forests of northern Europe. 73, 74 The coarse mode primary biogenic particles size distribution is centred around 6 micrometres, which is a typical size for primary biological particles, such as fungal spores. 24, 59 Aerosol size distribution retrievals from AERONET CIMEL sunphotometers operated in the last 10 years in Amazonia presents a bimodal size distribution shown in Fig. 8 for both sites (PVH and TT34) and dry and wet seasons. The accumulation mode median diameter from ground based measurements agree quite well with column integrated values, possibly because strong convection enhances vertical mixing. The coarse mode AERONET size distribution retrievals peak at about 2-3 micrometres (Fig. 8 ). This value is consistent with uorescent biological aerosol particles (FBAP) number size distribution measurements using UV-APS uorescence techniques that peaks at 2.3 mm at TT34 site. 59 
Aerosol mass spectrometry measurements in Amazonia
Aerosol mass spectrometry (AMS) is a valuable tool to measure aerosol composition in real time. ACSMs were recently deployed at the sites in Porto Velho (PVH) and central Amazonia (TT34), with the intention that they begin a multiyear record of data. At the PVH site, the system collected data from 6 to 30 September 2012 during the SAMBBA (South American Biomass Burning Analysis) campaign. This period comprised the transition between the end of the dry season, hereaer named intense biomass burning (BB) period, and the beginning of the wet season for that year (moderate BB period). Based on meteorological data, aerosol composition and optical properties, the date of 25 September was chosen to divide the measurements into distinct periods. An important parameter retrieved using the AMS/ACSM system is the fraction f 60 of the organic signal at m/z 60. Given the fragmentation pattern of levoglucosan, mannosan, galactosan, and other pyrolysis by-products of cellulose in the AMS systems, the intensity of f 60 is used as a surrogate for regional biomass burning inuence. 74 An f 60 of 0.3% is usually chosen as the threshold value to indicate air masses inuenced by BB emissions. 75 The aerosol composition for the PVH site is shown in Fig. 9 . The f 60 value during the intense BB period is on average almost twice the value measured during the moderate BB period (1.0% versus 0.6%). During the intense BB period, the PM1 non-refractory aerosol composition is largely dominated by organic substances (92.9%), with sulphate accounting for only 2.5% of aerosol mass. During the moderate BB period, organic substances accounted for 86% and sulphate for 5.9%, at an average concentration of 4.7 mg m À3 . At the central Amazonia TT34 site, the rst deployment of the ACSM collected data from 21 February to 1 March 2013 (wet season). Submicron aerosol composition at the TT34 site is shown in Fig. 10 . For the studied period, organic substances comprised 81% of mass and sulphate 8.6%, with an average concentration of 0.4 mg m À3 , consistent with values obtained during AMAZE-08. 43 The f 60 parameter was on average 0.2% during the studied period, indicating the absence of an effect of regional biomass burning. Chen et al. 43 noted that African biomass burning aerosols are extensively oxidized in long-range transport such that f 60 no longer serves as a marker signal in this case.
Previously reported organic contributions to submicron non-refractory PM1 composition of biomass/wood burning emissions range from 97.8% (Pinus ponderosa smoke 76 ), 85% (aircra measurements over West Africa), 74 83% (aircra measurements over boreal forest in North America, 77 60% (aircra measurements intercepting biomass burning plumes from Russia and Kazakhstan), 77 to 42.8% (Serenoa repens smoke 76 ). Considering only ambient measurements, organic substances range from 85% to 60% of PM 1 , with sulphate as high as 30% in the latter case. At the PVH site, biomass burning signicantly enhanced the organic content of the ne aerosol to above 90%. The elemental composition results discussed in Section 3 corroborate this high contribution of organic substances and the corresponding relatively low contribution from sulphate for biomass burning in Amazonia. Results listed in Table 2 indicate a contribution of 11.5% by sulphate in PM2.5 during the wet season and 5.2% on average during the dry season. These changes in aerosol composition have important consequences in many aspects, including the optical properties, as discussed in the following subsection.
Aerosol optical properties
Knowledge of aerosol optical properties is important to quantify the direct and indirect effects of aerosols on the radiation balance. 78, 79 In addition to the light scattering s s (l) and absorption s a (l) coefficients, single scattering albedo (SSA) is a critical parameter in the aerosol effects on climate. SSA(l) is calculated as the scattering coefficient divided by the extinction coefficient (s e (l) ¼ s s (l) + s a (l)); being an intensive aerosol property, it does not depend on particle amount. Fig. 11a and b show the median diurnal cycles of particle scattering and absorption coefficients at PVH and TT34 sites, distinguishing between dry and wet seasons. At the PVH site, the diurnal variability was dominated by the boundary layer dynamics: higher coefficients at night when the atmosphere is stable and thin and lower coefficients during the day when the atmosphere is well mixed and dispersion is favoured. This behaviour was similar in both seasons as a result of the regional pollution background observed at the PVH site all through the year. At the preserved TT34 forest site during the wet season, a different behaviour was observed: the scattering diurnal variability was modulated by the biogenic production of secondary organic aerosols during the day. As discussed in detail by Rizzo et al., 60 a daytime 20% increase in submicrometer particle diameter was observed, which may cause an increase of 50-70% in the scattering coefficients between 9:00 and 12:00 local time. This feature cannot be seen during the dry season, since the regional transport of biomass burning particles overwhelms the biogenic processes. Fig. 12 shows monthly statistics for aerosol light scattering (550 nm), absorption (637 nm), and SSA (637 nm). There is an enhancement by a factor of 10 in s s at PVH compared to TT34 for both dry and wet season. This enhancement is another indication that land use change in southern Amazonia is increasing the regional aerosol loading, even in the wet season when biomass burning is suppressed. Concerning aerosol absorption, the difference between Porto Velho and central Amazonia is much smaller throughout the year. In January and February (wet season at both sites), s a was around 1.0 Mm À1 . Since there are no biomass burning activities in this period, the observed absorption coefficients at that time are attributed to the so-called "brown carbon", 80 i.e., light absorbing biogenic particles. 24, 60, 81 The dry season starts earlier at PVH (May) in comparison to TT34 (July), as depicted in Fig. 12 (absorption in the middle panel) . In the wet season, SSA values ( Fig. 12 lower panel) are signicantly lower at TT34 (SSA ¼ 0.83) compared to PVH (SSA ¼ 0.93). This difference is a result of low aerosol scattering coefficients (driven by low aerosol loadings) combined with relatively high absorption coefficients (driven by the presence of light absorbing biogenic aerosols) at the forest site during the wet season. Low SSA values do not occur in the wet season at PVH because of the higher scattering particle loading in that region. At PVH, a decrease in SSA was observed from September to October, coincident with the decrease of the aerosol organic fraction and an increase of sulphate, as discussed in section 4. This behaviour is at rst unexpected, because sulphate aerosols are efficient light scatterers, meaning that increased sulphate content should be associated with higher SSA values. In spite of the fact that some organic compounds may absorb light at shorter wavelengths (<500 nm), acting as brown carbon, they are efficient scatterers with little absorption at longer wavelengths. Since SSA was calculated at 637 nm, higher SSA values in September may be explained by increased light scattering due to organic aerosols released by biomass burning activities. Fig. 13a and b shows the time series of AOD 500-550 in central Amazonia (TT34 site) and in southern Amazonia (PVH site) between 1999 and 2012, from both AERONET and MODIS observations. There is an excellent agreement between the AERONET and MODIS datasets, in spite of the different methods used in each AOD retrieval. A strong seasonal variation is evident at both regions. In the preserved central Amazonia, AOD reached up to 1.0 in the dry season, whereas in the impacted southern Amazonia it reached very high values up to 5.0 at 500 nm. These long-term time series plots give an overview of the variable aerosol loading in Amazonia, both from wet to dry seasons and also the large annual variability due to climatic conditions. It is possible to observe that aer the deforestation started to get reduced (see Fig. 1 ) AOD at the PVH site was reduced, but at the strong drought of 2010, smoke has increase signicantly compared to 2008 and 2009.
Overall, the seasonal variability of the aerosol optical properties indicates that in the dry season biomass burning particle emissions overwhelm biogenic emissions, signicantly changing the physical properties of the natural aerosol population. This increase in particles affects the regional radiation budget, cloud microphysics, and CO 2 uptake by the vegetation. 18, 19, [82] [83] [84] 7 Land use changing trace gas concentrations Ozone is an important trace gas in Amazonia because it can damage vegetation at high concentrations and is an indicator of photochemical activity. Fig. 14 shows the seasonal variability of median monthly ozone mixing ratios between 13:00 and 16:00 LT in central Amazonia (TT34) and PVH. Ozone mixing ratios are elevated in the dry season of both sites because of biomass burning emissions of precursors (nitrogen oxides and VOCs) and the larger radiation ux and photochemical activity caused by reduced cloud cover. The higher values at mid-day in PVH compared to TT34 are the effect of larger impact of ozone precursors emitted by biomass burning. Fig. 15 shows the diurnal cycle of ozone mixing ratios in Central Amazonia (TT34) for the dry and wet seasons. The ozone mixing ratio goes to low values at nighttime (3 ppb in the wet season and 7 ppb in the dry season), being consumed by vegetation uptake and reaction with NO and VOC from soils and vegetation. 85 The dry-season ozone values and diel cycles measured at TT34 are very similar to results obtained in July 1985 in a closed forest at Reserva Ducke and in July 2001 in an open area near the Balbina Reservoir, both in the region north of Manaus. 86, 87 Ozone measurements in Rondônia have been made previously at sites in a closed rainforest and on a cattle pasture about 250 km SE of Porto Velho. 30, 85 Midday maxima above the canopy were about 15 ppb in the wet season and 50 ppb in the dry season at both sites. At night, ozone decreased to around 6 ppb at the forest site and 10 ppb at the pasture site. The elevated values of ozone over Rondônia as compared to those over the Central Amazon are the result of much higher pollution levels resulting from land use change in the arc of deforestation at the southern perimeter of the Amazon Basin.
These elevated pollution burdens can readily be seen by comparing the levels of carbon monoxide, which is one of the best tracers for biomass burning emissions. 88 Fig. 16 shows the carbon monoxide monthly medians for central Amazonia (TT34) and Porto Velho (PVH). Unfortunately, there is no continuous CO data for the two sites. The average CO mixing ratio in central Amazonia is about 130 ppb. This can be compared to about 400 ppb CO in Porto Velho during the dry season due to biomass burning emissions. The lower plot in Fig. 16 shows the diurnal variability of CO mixing ratios at PVH, clearly dominated by the atmospheric boundary layer dynamics: CO accumulation at night due to lower boundary layer height and minimum CO mixing ratios at 15:00 LT when the boundary layer is well mixed.
Interactions between carbon cycle and aerosols
Amazonia is a large reservoir of carbon that can be quickly mobilized to the atmosphere through deforestation, changes in the radiation balance, in precipitation patterns, or in climate. 9 The increase in atmospheric aerosol loading increases the ratio of diffuse to direct radiation. 18, 89 Forests show an increase in carbon uptake with an increase in diffuse radiation due to the larger canopy penetration of the scattered solar radiation. 17, 19 In order to quantify this effect, AOD measurements from the MODIS (Moderate Resolution Imaging Spectroradiometer) sensor (on board the TERRA and AQUA satellites), were validated with AOD measurements from the NASA/AERONET network of sun photometers, and compared to Net Ecosystem Exchange (NEE) variations. Daily averages of AOD were taken based on the MODIS MOD/MYD_04_L2 product. Two forest sites were studied during the dry season (Aug-Sep): the Jaru biological reservation site in southern Amazonia (corresponding to the same region as the PVH site), between 1999 and 2002, and the Cuieiras reservation K34 tower in central Amazonia (1 km away from the TT34 tower site), between 1999 and 2009. Carbon uxes were 90, 91 where Fc is the turbulent ux of CO 2 above the canopy, and Stg is the non-turbulent storage term, dened as the temporal variation of the CO 2 concentration measured in a vertical prole from the soil surface to the height of eddy correlation measurements. Fig. 17 shows the effects of aerosols on carbon uptake expressed as NEE in central Amazonia and in southern Amazonia. In southern Amazonia, a 29% increase in carbon uptake (NEE) was observed when the AOD increased from 0.10 to 1.5. In central Amazonia, the effect is smaller, being approximately an increase of 20% of the NEE compared to clean conditions. The increase of 29% and 20% in NEE is attributed mainly to an increase (50%) in the PAR (photosynthetically active radiation) diffuse radiation ux. Oliveira et al. 18 observed a similar increase in NEE of about 18% at the southern Amazonian site for a reduction of 70% of clear-sky irradiance. For even higher aerosol loadings in the atmosphere (AOD > 2), leading to strong reductions of solar radiation ux, Oliveira et al. 18 reported that the photosynthetic process is almost shut down, with NEE values close to zero. Considering long-range transport of biomass burning aerosols in Amazonia, changes in NEE may occur over large areas in Amazonia, modifying the potential for forest ecosystems to absorb atmospheric CO 2 . Previous studies at other sites in Amazonia 19 have shown similar NEE enhancements, but the use of MODIS to obtain AOD allows for the determination of NEE changes in regions where AERONET sun photometers measurements are not available.
Large scale radiative forcing of aerosols and surface albedo change
Aerosol particles scatter and absorb solar radiation directly, affecting the Earth's radiation budget and modifying the atmospheric temperature prole. 78 Because aerosol particles act as cloud condensation nuclei, aerosols and clouds are intrinsically coupled through processes that control cloud formation and development, spatial coverage, lifetime, and precipitation efficiency. [92] [93] [94] [95] Anthropogenic increases in aerosol particles modify cloud microphysical properties by decreasing the average cloud droplet size, because more particles are sharing the same amount of liquid water. This reduction affects the atmospheric energy balance since the larger number of smaller droplets reects more incoming solar radiation back to space than fewer, larger droplets. 96 The radiative forcing due to the indirect effect of aerosols on cloud albedo presents the highest uncertainty of all climate-forcing mechanisms reported in the Fourth IPCC assessment. 78 Furthermore, the impact of aerosol particles on the precipitation rate remains a topic of much debate. Some studies suggest that increases in aerosol loading decrease the rain rate from convective clouds, 94, 97, 98 while others claim the opposite. 84, 99, 100 The actual response of convective clouds to increasing aerosol loadings is most likely a non-monotonic function with a maximum at intermediate aerosol concentrations. 95 The presence of absorbing aerosols in the atmosphere can enhance dissipation of cloud droplets, decreasing cloud cover, an effect called the semi-indirect effect of aerosols. It has been observed 21, 23 and simulated 41 for clouds over the Amazon forest in the presence of smoke aerosols. Koren et al. 23 showed that there is a competing effect between the microphysical effects and aerosol absorption in the Amazonia: smoke aerosols can either invigorate clouds, increasing cloud fraction and height due to an increase in the cloud droplet concentration, or alternatively inhibit cloud development due to aerosol absorption within the cloud.
The direct radiative forcing (DRF) of biomass burning aerosols over Amazonia has been assessed using ground-based instruments, airborne measurements or satellite remote sensing. 79, 101, 102 Biomass burning aerosols can be transported over long distances and therefore have a large-scale impact on the radiative balance over the Amazon Basin. Simultaneous retrievals of the ux at the top of the atmosphere (TOA) and AOD, obtained by the CERES (Clouds and the Earth's Radiant Energy System) and MODIS (Moderate Resolution Imaging Spectro Radiometer) sensors aboard the Terra and Aqua satellites, have been used to assess the DRF at the TOA with high spatial coverage. 79, 102 A similar approach was used to evaluate the spatial distribution of the 24 h-average direct radiative forcing (DRF) of biomass burning aerosols at the TOA during the Amazonian dry season (August to October) of 2010, a year during which a severe drought affected the whole region ( Fig. 18 ). Fig. 18 indicates that during the dry season the aerosol DRF presents high spatial variability, with signicant impacts over central and south-western Amazonia, where the aerosol DRF reached average values down to À12 W m À2 . In the region of the PVH site, the DRF was on average À10 W m À2 . Central Amazonia shows much lower DRF absolute values, varying from about 0 to À3 W m À2 near the TT34 forest site. Several factors contribute to these heterogeneities in the DRF spatial distribution, such as the location of re sources in the arc of deforestation (southern Amazonia), the predominantly east-west wind pattern during the period, and the high cloudiness and precipitation rate in central Amazonia. During this three-month period, the daily-average radiative forcing of aerosols for the whole area was on average À5.3 AE 0.1 W m À2 .
The replacement of tropical forests by croplands and pastures also increases the broadband surface albedo, modifying the radiative balance over the deforested area. In a recent paper, Sena et al. 79 reported the rst estimate for the clearsky land-use change radiative forcing (LURF) due to deforestation in Amazonia. Using remote sensing, the authors obtained a value of À7.3 AE 0.9 W m À2 for the annual average LURF over Rondônia, the state in which the PVH site is located. This nding is very important because changes in surface albedo affect the radiative budget throughout the year, while the impact of aerosols in Amazonia is most signicant only during the biomass-burning season, which lasts about two to three months. Therefore, the impact of surface albedo change is about 6-7 times higher than the impact of aerosols in the annual energy balance in Amazonia. Deforestation also reduces evapotranspiration, decreasing the column water vapour (CWV) by about 6-10%. 79, 103 As water vapour is a greenhouse gas, this decrease in CWV over the deforested area further contributes to cooling, with a reduction at the radiative ux at the TOA of the order of À0.4 to À1.2 W m À2 . 79 seasonal variations were observed on aerosol mass and number concentrations at both regions, as well as in black carbon equivalent concentration. Seasonal variations were attributed to biomass burning emissions, which are long range transported and widespread in the Amazon Basin during the dry season. Reduction on precipitation and on aerosol deposition rates during the dry season also plays an important role on changing the atmospheric properties across Amazonia.
Signicant differences were observed between the TT34 and PVH sites. Central Amazonia during the wet season showed to be one of the cleanest continental areas worldwide, with aerosol number concentrations in the range of 300-500 cm À3 . In contrast, we observed that the southern Amazonian region shows important changes in atmospheric composition and aerosol loading even in the wet season, indicating the existence of a regional pollution haze associated with land use changes that have been taking place in the last decades.
New ndings were provided by the recently deployed ACSM (Aerosol Chemical Speciation Monitor), indicating that biomass burning emissions signicantly enhanced the organic content of the ne aerosol to above 90%, reducing the contribution of inorganic species like sulphate to the ne mode aerosol mass (from 11.5% in the wet season to 5.2% in the dry season at the PVH site). Long term measurements of aerosol mass spectra in high time resolution are planned for the next years in Amazonia, and will help to ll gaps related to sources and dynamical processes of aerosols in the Amazon Basin.
Remotely sensed aerosol properties in the Amazon Basin indicated that land use change in Amazonia signicantly alters aerosol loading as well as radiation balance and carbon uptake by the forest. The observed changes in the radiation balance were signicant, with radiation ux reductions of down to À20 W m À2 over large regions. The increase in diffuse radiation resulting from moderate increases in aerosol loading (AOD from 0.1 to 1.2 at 550 nm) affects the carbon balance in tropical regions by increasing NEE. A further increase (AOD > 1.3) produces a sharp decrease in carbon uptake due to the reduction in solar radiation ux at the surface, according to Oliveira et al. 18 In addition to biomass burning, urbanization is on the rise in Amazonia. The GoAmazon 2014-2015 experiment will analyse the impacts of the urban plume of Manaus on the atmospheric chemistry downwind of the city. 104 Changes in cloud properties and precipitation will also be analysed in the GoAmazon experiment. A very clean site, the Amazon Tall Tower Observatory (ATTO) is being constructed north of Manaus in a very remote region, and will be a long-term observatory for trace gases and aerosols, as well as a platform to study biosphere-atmosphere interactions in pristine central Amazonia.
